Abstract: The lack of a mechanistic framework for chemical reactions forming inorganic extended solids presents a challenge to accelerated materials discovery. We demonstrate here a combined computational and experimental methodology to tackle this problem, in which in situ X-ray diffraction measurements monitor solid state reactions and deduce reaction pathways, while theoretical computations rationalize reaction energetics. The method has been applied to the La 2 CuO 4-x S x (0x4) quaternary system, following an earlier prediction that enhanced superconductivity could be found in these of new lanthanum copper(II) oxysulfide compounds. In situ diffraction measurements show that reactants containing Cu(II) and S(2-) ions undergo redox reactions, leaving their ions in oxidation states that are incompatible with forming the desired new compounds. Computations of the reaction energies confirm that the observed synthetic pathways are indeed favored over those that would hypothetically form the suggested compounds. The consistency between computation and experiment in the La 2 CuO 4-x S x system suggests a new role for predictive theory: to identify and to explicate new synthetic routes for forming predicted compounds.
Statement of Significance
Discovery of new materials enabling new technologies, from novel electronics to better magnets, has so far relied on serendipity. Computational advances show promise that new materials can be designed in a computer and not in the lab, a proposal called `Materials by Design'. We present here a detailed comparison between theory and experiment, carrying out the synthesis of a high temperature superconductor in an x-ray beam to elucidate the sequence of chemical reactions as the compound forms. Parallel computations of the stabilities of possible compounds that could form from the selected elements accurately predict the observed reactions. Paired with our chemical intuition, this methodology provides understanding and potentially control of the essential chemical principles responsible for stabilizing virtually any compound.
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The discovery of new solid inorganic materials is the primary driver for advancing our understanding of the formation of extended solids and their functional properties. While chemical guidelines like isoelectronic substitution and metathesis reaction have had some success in guiding exploratory syntheses [1] [2] [3] , the discovery of new solid inorganic materials so far remains largely serendipitous. Advancing beyond chemical intuition has proven difficult. Unlike organic syntheses, in which only specific sites of a molecule are modified in chemical reactions, the synthesis of extended solids involves the breakdown and reassembly of entire atomic lattices, and there is no mechanistic framework to describe these processes yet 4 . The development of a set of general rules that clarify the essential chemical reactions governing the assembly of atoms in extended solids remains a central goal of materials-inspired research. First-principles calculations such as density functional theory (DFT) calculations 5, 6 are becoming increasing accurate in computing the energies of different structures and their heats of formation, crucial steps towards realizing the challenging goal of designing new materials with desired functionality without prior knowledge of the crystal structure [7] [8] [9] [10] [11] [12] [13] . However, these predicted compounds have too often eluded experimental discovery, even when they are predicted to be thermodynamically stable. We envisage here a new way that predictive theory can accelerate the discovery of new compounds, by clarifying the energetics of the different steps of the reactions that comprise candidate syntheses, and ultimately using this insight to recommend syntheses that are likely to be viable.
Previously, there was a decided lack of direct information about reactions leading to the formation of extended solids that could subsequently be compared to theory. The use of in situ Xray diffraction (XRD) experiments, where the syntheses are carried out in a high energy X-ray beam, provides a powerful way to explore these chemical reactions [14] [15] [16] . The formation of a crystalline phase can be observed in real time, providing a record of the sequence of structures and phases that occur on heating and cooling. We will show here that by using this information, one can deduce the reaction pathways and rationalize the energetics of the chemical reactions, establishing a step-by-step correspondence between computations and experiments. The goal is to 4 connect our chemical intuition to predictive theory, and in this way to gain insight into reaction pathways that are central to the formation of extended solids. An added benefit is that the exploration of materials phase diagrams, a foundational task for materials-inspired research, is greatly accelerated using in situ X-ray diffraction measurements.
Here we present our investigation of the La 2 CuO 4-x S x (0x4) quaternary system using experimental and computational methods in parallel to show the advantages of this combined 
Results and discussion
We first conducted the synthesis of the parent compound La 2 CuO 4 following the conventional solid state reaction method 22 . The mixture of La 2 O 3 and CuO powders was heated up to high temperature while the reaction was monitored using in situ XRD as shown in Fig. 2 Our experiments so far indicate that the theoretically proposed syntheses for the formation of La 2 CuO 3 S are not realistic, and we have been able to use total energy calculations to explain the energetically favorable outcomes that are observed in our experiments. Consequently, we adopted a broader charge for our synthesis program, which is the examination of the compositional space, 3 , and LaOOH that we described earlier. the redox reaction that is central to the stability of CuO and CuS compounds that will block certain reaction pathways, information that may have more general applicability in related classes of materials. Combining the in situ XRD measurements with calculations of the total energies for both the desired products as well as competing compounds has the potential to take "theoryassisted synthesis" to a new level by connecting realistic synthesis to predictive theory. In the long run, the accumulated knowledge on chemical reactions obtained from in situ XRD measurements could also be used as an input in computation for in silico synthesis to predict viable synthetic routes.
Conclusions
In this contribution, we have presented our investigation on the La 2 CuO 4-x S x quaternary system using combined experimental and computational methods to test if the theoretical compounds La 2 CuO 3 S and La 2 CuO 2 S 2 could be synthesized. Using in situ XRD measurements, the synthetic obstacle to forming these compounds has been identified, which is the redox reaction between the Cu 2+ -and S 2--containing starting materials that drives them away from the 13 desired oxidation states. This incompatibility of the starting materials has also been well described by the DFT calculations, which have shown large, negative reaction energies for these redox reactions. Although the attempts to experimentally realize the theoretical compounds are not successful, this study has shown consistency between experiment and computation. This suggests that one could integrate theory and experiment in a closed loop in exploratory synthesis, where theory could identify theoretical desired materials that are thermodynamically stable, and in situ XRD synthesis could be used to pinpoint the feasible synthetic routes. This new approach may have potential to advance our knowledge on reaction mechanisms involving the formation of extended solids and to accelerate our materials discovery.
Methods

Synthesis with in situ X-ray diffraction
The starting materials La 2 O 3 , CuO, La 2 S 3 , CuS, Cu 2 O and S were purchased from either Alfa Aesar or Aldrich, with stated purity above 99%. La 2 O 2 S was prepared by mixing stoichiometric center. Details of the configurations of this furnace are described elsewhere 35 . In order to establish the temperature at the focal point of the lamps, we inserted a type K thermocouple in the furnace, and aligned the thermocouple and the furnace at the beamline in such a way that the X-ray beam, the thermocouple tip, and the geometric center of the furnace all coincided with each other. A Honeywell UDC3500 universal digital controller was used to control the power output. A linear relationship between the power output and the thermocouple temperature was established, which was then used to determine the sample temperature. However, due to the different absorption of the emitted halogen light radiation between the samples and the thermocouple, the actual sample temperature may deviate from the linear expression. By comparing the temperatures with those of the resistive heating furnace, we found that temperature deviations were no more than 100C.
The samples were heated up to 950-1100C at a rate of 20-25C/min. Diffraction data were collected continuously using a Perkin-Elmer 2D detector in 60s increments, with 1s exposure for each frame, which were then summed over 60s. The samples were heated in place within the resistive furnace, however, those heated in the lamp furnace were slowly oscillated to ensure homogeneous heating, since the length of the samples were ~5mm long, slightly over the size of the hot spot of the lamp furnace. The sample tubes were moved in the following manner: moved to the center of the sample and collected diffraction data for 1 min, and then moved 1mm to the left, collected data for 1 min, and then moved 1mm to right from the center position, collected data for 1min, and repeated the cycle. Since the diffraction patterns appeared to be the same at all three positions, only the data collected at the center position were used for further analysis. The program fit2D was used to integrate the 2D diffraction image 36 . Rietveld refinements were done using the FullProf suite 37 . A sample list and their heating profiles, as well as the details of the refinements are provided in Supplementary Information (Supplementary Table 1 and Fig. 1 ).
Computation methods
We performed density functional theory (DFT) calculations on our target compounds, using the Generalized Gradient Approximation (GGA) as implemented within VASP [38] [39] [40] [41] and Projector
Augmented Wave (PAW) potentials 42, 43 . The relaxation parameters were the defaults from 
